Abstract. The Kyoto University Research Reactor Institute (KURRI) has a research program for constructing an experimental facility for an accelerator-driven subcritical reactor (ADSR) by using the Fixed Field Alternating Gradient (FFAG) accelerator. Some subcritical experiments were performed before constructing the FFAG by combining an existing critical assembly at the Kyoto University Critical Assembly (KUCA) with a Cockcroft-Walton-type accelerator. As one of the experiments, we examined the beam collimators for leading source neutrons to the core efficiently. From the experiment and design study, it was confirmed that the optimized collimator could introduce about 2.5 times the source neutrons. The collimator designed here will be adopted in future experiments in the KURRI research program for ADSR.
INTRODUCTION
An accelerator-driven subcritical reactor (ADSR) has been studied as a useful system for transmuting high-level waste, breeding fuel materials, and supplying electric power. ADSR consists of a subcritical core and a high-power proton accelerator. The accelerated high-energy protons are introduced to a target of heavy metal-like tungsten, and they generate a large number of neutrons through spallation reactions. Those neutrons are introduced to derive a subcritical core. ADSR is safer than a critical reactor because ADSR can be shut down by stopping the accelerator.
The Kyoto University Research Reactor Institute (KURRI) has a research program for constructing an ADSR experiment facility by using the Fixed Field Alternating Gradient (FFAG) accelerator. The FFAG accelerator, which combines the best properties of synchrotron-type and cyclotron-type accelerators, can accelerate the protons repeatedly with large current. It is impossible for existing accelerators. The FFAG has been developed by the High Energy Accelerator Research Organization (KEK) of Japan.
The FFAG accelerator in the KURRI program is a multiple and independent accelerator with an ion source, an incident ring, and a main ring. The main parameters of the FFAG accelerator are shown in Table 1 . In the KURRI program, the FFAG accelerator will be connected to the Kyoto University Critical Assembly (KUCA). At this stage, the high-energy protons will be injected into the KUCA core by 2005. The KUCA core has three cores of two solidmoderated cores and a light-water moderated core. All cores employ 93% enriched uranium fuels. Those KUCA cores are a rather old critical assembly; therefore, there are some limitations for usage from the viewpoint of a reactor license by the government. One of the limitations for the ADSR program is the location of the neutron target. The target is prohibited from being located inside the core, and it should be placed out of the core. This limitation will restrict experiments in the research and development of ADSR in the KURRI program.
For coping with the problem of the neutron source location, we examined, in the present study, the introduction of beam collimators for leading the fast neutrons to the core efficiently. Some subcritical experiments were performed in this study by combining an existing critical assembly of KUCA with a Cockcroft-Walton type accelerator.
In Sec. 2, the subcritical experiment with the collimator at KUCA and its analyses using MCNP are presented. In Sec. 3, the design study of the new collimators using MCNP is presented. Finally, Sec. 4 concludes this study.
EXPERIMENT Experimental Core
The KUCA core used in this study was the A-core, which is a solid-moderated one with 93% enriched uranium fuels and the polyethylene moderator. The fuel assembly consisted of polyethylene and U-Al plates with the upper and lower polyethylene reflector, respectively. The core is shown in Fig. 1 . The deuteron beam accelerated by the Cockcroft-Walton type accelerator was led to a tritium target located outside the core. The 14-MeV pulsed neutrons were generated at the target.
Collimators
The collimators were set for leading pulsed neutrons to the core, and the core characteristics were then examined. As shown in Fig. 2 , the collimator has about a 16.5-cm × 16.5-cm square hole that leads source neutrons directly to the core. The source neutrons emitted in other directions were scattered, moderated, and absorbed by polyethylene, polyethylene with a mixture of 10%-10 B, and iron.
Measurement of Reaction-Rate Distribution
The reaction-rate distribution was measured by an activation technique with indium wire. In each core with or without collimators, an indium wire was placed in the core as shown in Figs. 1 and 2 , and was irradiated by pulsed neutrons generated by the using the Cockcroft-Walton type accelerator for three hours. After that, the wire was cut by 2 cm and the gamma rays of 116m
In produced by (n,γ) reaction were counted by a HPGe detector. Three kinds of γ rays of 0.42 MeV, 1.097 MeV, and 1.294 MeV were measured and the reaction rate and spatial distribution were derived. Case 1 has no collimator, and Case 2 uses the collimator shown in Fig. 2 .
Experimental Results and Calculation Analyses
Experimental results and calculation analyses are presented in Fig. 3 , which shows the reaction-rate distribution of indium wire at the distance from the target. The experimental analyses were executed by a continuous-energy Monte Carlo calculation code MCNP.
From Fig. 3 , it was observed in the core region that the reaction rate of Case 2 was about two times larger than that of Case 1. It was found that many source neutrons directly reached the core because of the collimator. In the reflector region, it was observed that the reaction rate of Case 1 was larger than that of Case 2. It was concluded that the reaction rate in Case 1 has the contribution of the thermal neutrons from the reflector. However, in Case 2, the contribution from the reflector becomes small for the shielding of iron metal.
The calculated result of MCNP agreed with the measured one within about 3% in the core region. But around 5-20 cm, the calculated result overestimated the measured one by 11-32%. This is due to the approximation in the calculation; the neutron source was emitted isotropically. Overall, the measured result was reproduced well by the MCNP calculation. It was all right that the calculation accuracy was confirmed and the examination of collimators was performed by MCNP.
EXAMINATION OF COLLIMATORS Collimator Size
The collimators with different sizes and shapes were examined by MCNP to seek a better collimator that provides a larger reaction rate of indium, i.e., that can introduce the pulsed neutrons into the core more efficiently. The collimator size was changed from 5.5 cm × 5.5 cm square (1×1 collimator) to 27.5 cm × 27.5 cm square (5×5 collimator). Two shapes of squares and circles were examined.
The calculated results by MCNP are presented in Fig. 4 , which plots the maximum reaction rate of indium wire. The square and circle collimators are presented in the square and open dot, respectively. It was observed from the Fig. 4 that the largest reaction rate was around 200 cm 2 of the area, i.e., when 2.5×2.5 collimators. The reaction rate is small at a small size. As the area becomes larger, the reaction rate also becomes larger near the peak, but after the maximum point, the reaction rate reversely becomes smaller. The oversize collimator makes the reaction rate small since the large size of the collimator result leaks many neutrons out of the core.
Collimator Material
The collimators with different materials were simulated by MCNP to seek better collimator material that provides a larger reaction rate. The materials of iron metal (Fe), natural uranium (NU), enriched uranium (EU), and lead (Pb) were considered. The calculated system was the 2.5×2.5 collimators that yield the largest reaction rate. Table 2 shows the calculated reaction rate at the maximum point as the ratio against the value of the Fe collimator, i.e., which are 3×3 collimators using the iron metal.
As shown in Table 2 , every maximum reaction rate of the other cases was larger than that of the Fe collimators. The reaction rate with the lead collimator, which has realistic materials for the experiment, causes an increase of about 26%. When the collimators using uranium materials were simulated, the reaction rate became larger. This is due to the fission reaction by uranium materials themselves. For uranium, the experimental future plans will examine whether the uranium materials are possible to use.
CONCLUSION
For the experimental facility of the KURRI program for ADSR, the subcritical experiments were carried out at the KUCA A-core by combining an existing critical assembly with a Cockcroft-Walton type accelerator. To introduce source neutrons into the core efficiently, a collimator between the neutron target and the core was examined by experiment and MCNP calculations. By using MCNP, a design study of collimators was performed. As the result, it was confirmed that the optimized collimator could introduce about 2.5 times the source neutrons. The experimental result was reproduced well by the calculated one using MCNP within 1%.
The collimators designed here will be adopted in future experiments in the KURRI research program for ADSR. The KURRI program, combining the FFAG accelerator with the KUCA, will provide important and valuable data for ADSR such as the core characteristics of ADSR, dynamics of ADSR, transmutation performance, and energy multiplication properties. 
